Abstract. This work investigates the influence of meteoric smoke particles (MSP) on the charge balance in the D-region ionosphere. Both experimental in situ measurements and a one-dimensional ionospheric model reveal a clear impact of MSP on the ionospheric composition of the D-region. The study reviews rocket-borne in situ measurements of electron and positive ion density, which show a distinct deficit of electrons in comparison to positive ions between 80 and 95 km. This deficit can be explained by the ambient negatively charged MSP measured simultaneously with a Faraday cup. The influence of MSP on the D-region charge balance is addressed with a simplified ionospheric model with only six components, i.e. electrons, positive and negative ions and neutral and charged MSP (both signs). The scheme includes reactions of plasma captured by MSP and MSP photo reactions as well as the standard ionospheric processes, e.g. ionion recombination. The model shows that the capture of plasma constituents by MSP is an important process leading to scavenging of electrons. Since Faraday cup measurements are biased towards heavy MSP because of aerodynamical filtering, we have applied an estimate of this filter on the modelled MSP densities. By doing that, we find good qualitative agreement between the experimental data and our model results. In addition, the model study reveals an increase of positive ions in the presence of MSP. That is primarily caused by the reduced dissociative recombination with electrons which have been removed from the gas phase by the MSP.
Introduction
Impacts of meteors on the Earth's atmosphere occur continuously and can be monitored by optical and radio methods. These observations show that the total meteoric mass influx, on an annual timescale, is dominated by the impact of small particles (d ≤ 100 µm) (Ceplecha et al., 1998) . Nearly all small meteors evaporate in the height region of 70-120 km (e.g. Stober et al., 2013, and references therein) and deposit material in that height regime. Rosinski and Snow (1961) and later Hunten et al. (1980) suggested that this meteoric material might at least partly recondense to form so-called meteor smoke particles (MSP). Experimental evidence for the existence of MSP comes from in situ measurements by sounding rockets (e.g. Schulte and Arnold, 1992; Gelinas et al., 1998; Lynch et al., 2005; Rapp et al., 2005 Rapp et al., , 2011 , ground-based measurements with radar Strelnikova et al., 2009; Fentzke et al., 2009 ) and satellite observations ). There are also indications that the existence of this meteoric dust influences plasma measurements by triboelectric charging of the rocket payload (Barjatya and Swenson, 2006) .
Today, MSP are thought to be involved in a large variety of atmospheric processes. For instance, it is commonly assumed that MSP act as nuclei for mesospheric ice clouds, leading
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to the phenomenon of polar mesospheric clouds or noctilucent clouds (e.g. Turco et al., 1982; Rapp and Thomas, 2006; Hervig et al., 2012) . Furthermore it is considered that MSP influence the plasma of the D-region ionosphere and might be involved in creating so-called polar mesospheric winter echoes (see e.g. Havnes et al., 2011) .
The part of the ionosphere with the most complex ion chemistry is the D-region. In this altitude region from 60-100 km the ionosphere does not consist of electrons, atomic and simple molecular positive ions alone. The ion composition is much more diverse, complex molecular ions and cluster ions can exist and both positive as well as negative ions do occur and can even coexist at some altitudes (e.g. Viggiano and Arnold, 1995) . In this still not fully understood region we have identified MSP to be an important constituent for the conservation of quasineutrality within the ionosphere.
A loss of electrons due to scavenging by MSP, especially during nighttime, has been identified by Friedrich et al. (2012) using simultaneous electron and positive ion density measurements on sounding rockets. Our study addresses this influence on the D-region charge balance by reexamining in situ measurements of the MSP charge number density and the plasma measurements (Sect. 2). In addition, we present a one-dimensional ionospheric model that includes six components: electrons, positive ions, negative ions, as well as neutral, positively and negatively charged MSP (in Sect. 3). Besides the standard ionospheric reactions such as ionization (Q), dissociative recombination (α) and ion-ion recombination (β) we also consider MSP plasma capture reactions and MSP photo reactions in this one-dimensional ionospheric model. Using this very simple reaction scheme we can readily reproduce the observed electron loss due to the presence of MSP at nighttime (Sect. 3.3).
Charged MSP signatures in rocket-borne measurements
The first signatures of charged MSP were found by Schulte and Arnold (1992) . To the best of our knowledge this is also the first detection of MSP at all. They used a quadrupole mass spectrometer mounted on a sounding rocket. In an integral mode, the mass spectrometer counted significant numbers of heavy negative ions above 400 amu in an altitude range between 78-90 km. Based on these results Schulte and Arnold (1992) suggested that these ions were actually negatively charged MSP. The next major step in the investigation of charged aerosol particles in the mesopause region was taken by Havnes et al. (1996) who were the first to use a Faraday cup to measure charged ice particles inside radar returns from the vicinity of mesospheric ice clouds, also known as polar mesospheric summer echoes (e.g. Rapp and Lübken, 2004) . This technique uses biased entrance grids to shield the electrode at Rapp et al. (2007) and Friedrich and Rapp (2009) , grey contours show MSP number densities after Hunten et al. (1980) , legend entries are explained in Table 1 , +/-indicate the charge sign of the measured MSP.
the bottom of the Faraday cup from ambient light ions and electrons and only allows "heavily" charged particles to be measured.
In this study we concentrate on the Faraday cup measurements and corresponding plasma observations on the same sounding rocket (see Table 1 for details of the rocket flights). These listed flights took mainly place at winter polar latitudes during nighttime. Gelinas et al. (1998) were the first to use this device during dark conditions outside the polar summer mesopause where ice particles occur. A further developed version of this MSP detector, which can distinguish between positive and negative charge, was later flown in 2002 (Lynch et al., 2005 Rapp et al., 2005; Enell et al., 2011; Friedrich et al., 2012) . Lately, the technique of the Faraday cup MSP detection has been combined with active photoionization by a xenon flash lamp Strelnikova et al., 2009; Rapp et al., 2010 Rapp et al., , 2012 and was flown several times.
Additionally , Table 1 lists experiments that differ slightly from the original detector design. The probes from Horanyi et al. (2000) and Amyx et al. (2008) use magnetic instead of electrostatic fields to avoid contamination from ambient plasma. The MASS experiment (see Robertson et al., 2009 Robertson et al., , 2013 , for details) on the other hand is a simple aerosol mass spectrometer. This, however, does not use active pumps like in the original Schulte and Arnold (1992) measurements and gives results comparable to Faraday cup observations, when only considering the 500-2000 amu mass channel (data taken from Friedrich et al., 2012) .
In Fig. 1 all MSP height profiles of the experiments discussed briefly above are shown. We note that most of the Table 1 . Collection of in situ measurements of charged MSP during darkness; the labels are used for the MSP height profiles in Fig. 1 Robertson et al. (2013) , 500-2000 amu channel Friedrich et al. (2012) measurements gave evidence for negatively charged particles. Note, however, that this does not necessarily mean that only negatively charged particles exist during darkness. Robertson et al. (2009) showed with the MASS experiment, that negatively and positively charged particles coexist. The character of Faraday cup measurements is that the sum of all detectable positively and negatively charged MSP is recorded (i.e. the net charge density). That means the measurement of a negative signal shows that an excess of negative MSP compared to positive MSP exists. The predominant negative charge of MSP is likely caused by the fact that the capture rate of plasma constituents by aerosol particles is proportional to kT m , which means that the mass of the plasma constituent is important. Since electrons are much lighter than ions, this results in a higher capture rate for electrons compared to positive ions. During nighttime, photoionization of neutral MSP by scattered Ly-α radiation from the geocorona (e.g. Meier, 1991 , and references therein) as an additional source of positively charged MSP is possible, but not expected to be dominant.
Another interesting point is the peak charge number density of several 10 8 e m −3 which are measured between 85 and 90 km. These values are comparable to the electron densities in this altitude region. Taking into account that the Faraday cup measurements underlie aerodynamical filtering (Hedin et al., 2007; Strelnikova et al., 2009) it is possible that in some cases the real negative MSP density even outnumbers the electron density.
To support the speculation that MSP have an influence on the D-region charge balance, we refer to simultaneous measurements of electron and positive ion density from Friedrich et al. (2012) . These measurements were conducted during the last five rocket flights listed in Table 1 . The electron densities were measured by the radio wave propagation method, while a fixed biased DC-probe (positive ion probe -PIP) was used to quantify the positive ion density Friedrich et al. (2012) with the corresponding standard deviation, the electron density at 95 km for each rocket flight has been used for normalization of electron and ion density. The standard deviation of the normalized electron densities exceeds the mean value at 88 km. Right panel: relative difference between electron and positive ion density.
(e.g. Mechtly et al., 1967; Friedrich et al., 2013) . Due to different levels of Ly-α ionisation the plasma densities differ in some cases by up to one order of magnitude. In order to be able to better interpret these five data sets and to demonstrate the robustness of the deviation from local charge neutrality due to the presence of MSP, we normalize the corresponding plasma densities. This means, we divide all plasma measurements by the corresponding electron density value measured at 95 km. We show the mean values of electron and positive ion density together with their standard deviation in the left panel of Fig. 2 and the relative difference between electron and positive ion density in the right panel of Fig. 2 . The variability of the electron and ion profiles (indicated by the shaded area around the means) is very large down to ∼80 km, i.e. the standard deviation of both quantities overlap. Nevertheless, there is a significant difference between the electron and positive ion densities below ∼85 km. This is clearly seen in the right panel of Fig. 2 , which shows the relative difference between both quantities, e.g. the difference between the normalized number densities relative to the normalized ion density ((N R I −N R e )/N R I , the R stands for relative), along with its standard deviation.
In the Earth's D-region ionosphere the concept of quasineutrality is generally valid, i.e. the sum of all charges in a volume larger than a Debye-sphere is zero. In Fig. 2 (left panel) this quasineutrality is obvious above 95 km, where electron and positive ion density are the same. However, below 95 km quasineutrality is obviously no longer maintained by electrons and positive ions alone. Other negative charge carriers have to be considered below this altitude in addition to electrons. As a first guess negative ions could possibly be this negative charge carrier. However, it is well known that negative ions are destroyed by reaction with atomic oxygen (e.g. Turunen et al., 1996) down to ∼80 km and a significant atomic oxygen density is regularly observed above ∼80 km by satellite, airglow and sounding rocket measurements (e.g. Russel et al., 2005; Friedrich et al., 2012) . Therefore the negative ions can only explain the measured deviation between electron and positive ion density below ∼80 km. In between ∼80 km and 95 km there must be another negative charge carrier to conserve quasineutrality. And indeed, we find negatively charged MSP in this altitude range (Fig. 1) . In the following we want to check the assumption of Friedrich et al. (2012) that MSP are a sink for electrons. We do that by applying a simple ionospheric model where we include MSP as active constituents. The model and some initial results are described in the following sections.
3 Model study of the charge balance of MSP
Model description
Recent ionospheric models concerning the D-region, such as the Sodankylä Ion and neutrals Chemistry (SIC) model (Turunen et al., 1996) , do not consider MSP in their calculations. As described above, however there is strong experimental evidence for MSP influence on the D-region charge balance. Because of this, we present a simple ionospheric model, which also covers MSP, for the altitude region 60-100 km. This model includes six species: electrons, positive ions, negative ions, neutral MSP, positive MSP and negative MSP. We note that using only six species means a significant idealization of the very complex D-region ion chemistry. However, the reaction rates and masses of molecular and cluster ions are still very different from the corresponding mass and reaction rates of MSP. Hence it appears warranted to categorize the various plasma species into electrons, positive ions and negative ions and MSP in order to study the qualitative effect of MSP on the partitioning of charge between these various species.
The reaction scheme for all six components includes thirteen different reactions overall. In the following chemical reactions P , P p and P n denote neutral, positive, and negative MSP, respectively, while e − , I + and I − represent electrons, positive ions and negative ions, respectively. These reactions can be divided into three different groups. The first group describes the ionospheric background covering standard plasma reactions, e.g. like the electron-ion pair production rate Q. The reaction rate coefficients k S 1 − k S 5 are taken from the SIC model, which is -to our knowledge -one of the currently most advanced D-region models.
The reaction rate coefficient k S 1 , k S 3 and k S 4 are already multiplied by the corresponding neutral densities (M) since the simple model does not consider neutral constituents in its calculations. In addition, it has to be noted that k S 4 describes the combination of photo detachment and collisional detachment of electrons from negative ions. The combination is carried out in the following way:
Here k photo is the photo detachment rate coefficient, k col. is the collisional detachment rate coefficient and [M] denote the density of atomic oxygen, H 2 , O 3 , NO and other minor species colliding with the negative ions. Note that in the height region above 80 km the collision with atomic oxygen is the main sink for negative ions. The used atomic oxygen profile is derived within the SIC model which is shown in the right panel of Fig. 3 .
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The second group of reactions are plasma capture reactions by MSP.
Finally, the third group of reactions are MSP photo reactions which also occur during the nighttime due to Ly-α photons resonantly scattered by the geocorona.
To start, Table 2 summarizes all relevant information about the 13 reaction rates used in this study. That is, the meaning of all reaction rate coefficients is specified, and their units together with the original references are given. We use the output of the SIC-model for a realistic background ionosphere. SIC derives concentrations of 88 constituents, i.e. 44 positive ion species, 28 negative ion species and 16 neutral species. In Fig. 3 the density of important negative and positive ions in the D-region are shown. It has to be noted that the altitude range of the SIC model is 20-150 km, but in this study we focus on the region between 60-100 km where significant number densities of MSP exist (e.g. Hunten et al., 1980) . As stated above, the SIC model simulates the number density of several positive ions, negative ions and minor neutrals. As input, the SIC model uses the background neutral atmosphere from the MSISE-90 model (Hedin, 1991) and a solar spectrum from the Solar Irradiance Platform (former Solar 2000 (Tobiska et al., 2000) ). The electron density N e is deduced from the difference between the sum of all positive ions (N I + ) and the sum of all negative ions (N I − ).
The SIC model uses many different ion reactions, which we have summarized in the reaction rate coefficients
represents the ionization of neutrals by solar radiation and galactic cosmic rays, i.e. quiet-day conditions. Electron and proton precipitation, caused by solar proton events or coronal mass ejections, can increase the ionization levels of the D-region by two orders of magnitude, but are not believed to change the qualitative correctness of our results. The generalization of reaction rate coefficients k S 2 − k S 5 has been done by taking the means of all corresponding single ion reactions in the SIC model, which has been weighted also by each ion density. The reactions rate coefficients k S 2 , k S 3 and the collisional part of k S 4 are multiplied by the neutral densities corresponding to each chemical reaction in SIC. For k S 4 this is mainly atomic oxygen, together with some minor constituents like H 2 , O 3 and NO. It has to be noted that the generalization of the electron -positive ion recombination for molecular and cluster ions, which differ significantly, might be inappropriate. As seen in Fig. 3 , however, the transition region between the molecular ion regime and the cluster ion regime is vertically very isolated around 85 km.
The SIC model has been run for a geographical location of 69 • N and 16 • E (Andenes, Norway), since most of the rocket flights were conducted from there. The time frame of the SIC run was set somewhat arbitrarily to the 8 September 2010, because there are partly sunlit and dark conditions during the same day and because one of the rocket flights, ECOMA01 (see the MSP profile Fig. 1 ), was conducted on this day of the year. Since SIC is a time-dependent model intended for studying short-lived ionization events, such as energetic particle precipitation, it is standard practice to set it up for a certain date and location by running a full 24 h cycle with only sunlight and cosmic rays as ionization sources. This is repeated several times until a quasi-steady state is reached. Since rocket measurements observe variations of the electron density during the nighttime of up to two orders of magnitude (e.g. Friedrich et al., 2012) , there have to be sources of additional ionization during quiet ionospheric conditions at polar latitudes. This is most likely electron and proton precipitation from the radiation belts, which is also directly linked to the solar activity. In order to provide a quantitative assessment . Input reaction rate coefficients k S 1 − k S 5 in the appropriate form for the use in the described model (see Table 2 for details), note k S 1 is the absolute ionization rate due to solar radiation and galactic cosmic rays; also shown is the mean ion mass, from SIC model results, for the 8th September 2010, 23:55 LT, 69 • N, 16 • E. of the error introduced by our assumption of a quiet ionosphere, additional simulations will be required which should be done in the future using the full SIC-model. In Fig. 4 we show output variables from this SIC model run which we will further use in the simple model containing MSP reactions below. Besides the reaction rate coefficients k S 1 −k S 5 . It is important to remark, that these reaction rate coefficients represent a quiet background ionosphere, which allows us to derive absolute number densities of all six modelled constituents in a qualitative manner. For a quantitative comparison with measurements more realistic profiles of the ionization rate, etc., would be required -corresponding information is, however, not available. Finally, we take the altitude-dependent mean ion mass from SIC, which enters the expressions for the various ion-capturing processes by MSP (see Eqs. 2 and 4).
The plasma-capturing reactions of MSP (see Eqs. R6-R11) were reexamined by Rapp (2000) for use in the mesosphere. Originally, these equations were presented by Natanson (1960) . In general, this theory provides capture rates for all conceivable combinations of aerosol and ion/electron charges. Here we only consider the attractive case (plasma captured by oppositely charged MSP) and the neutral case (plasma captured by neutral MSP) and neglect the repulsive case. This is a reasonable simplification for the case of MSP, whose size is so small that multiply charged particles can basically not occur (e.g. Rapp and Lübken, 2001 ). The following equation describes the charging of neutral MSP by electrons, positive ions and negative ions. Here, r p is the MSP radius, c e/i is the thermal velocity of the electrons and ions respectively, e is the elementary charge, 0 is the permittivity of free space, k is the Boltzmann constant and T e/i the electron and ion temperature, which are identical to the neutral temperature (from MSISE-90) in the D-region. The coefficient γ charging is a dimensionless quantity which describes the size-dependent probability of an MSP to capture a plasma constituent . For the value of γ charging we follow the arguments of Megner and Gumbel (2009) , who assumed that the probability is zero for particles with radii smaller than 0.25 nm and the probability is one for particle radii larger than 1.5 nm. In between they suggest a linear increase. We have adopted this treatment into our model, i.e. we define γ charging as follows:
For the attractive case, where a charged MSP captures an oppositely charged plasma constituent and recombines to a neutral MSP, we use Eq. (4), which is valid for a singly charged MSP.
For the recombination probability γ recomb we again follow the arguments of Megner and Gumbel (2009) and set γ recomb = 1. MSP are also influenced by electromagnetic radiation of sufficiently short wavelengths (as discussed in the following) from X-rays and hard UV up to the visible range. Negatively charged MSP can lose an electron due to photo detachment and neutral MSP can be photo-ionized. In this study we concentrate on nighttime conditions. Therefore the sun does not play a significant role, but due to the hydrogen layer in the upper atmosphere (geocorona), solar Ly-α radiation is resonantly scattered from the sunlit side into the dark side of the Earth. Following Rapp (2009) , the reaction rate coefficient for the photo reactions are derived using Mie theory, i.e.
Here, F (λ, χ ) is the wavelength and solar zenith dependent solar irradiance and σ 1/2 (r p , m, λ) the absorption cross section. The integral is taken over the wavelength from a starting point λ 0 to the wavelengths λ * 1/2 . In an ideal case λ 0 = 0, but since spectroscopic material data is only available in a limited wavelength region, we have chosen λ 0 to be 100 nm. In any case, during the nighttime the most important light source is the Ly-α radiation scattered from the geocorona with a wavelength of 121.6 nm. λ * 1 corresponds to the lowest photon energy that can detach an electron from a negatively charged MSP (i.e. the electron affinity), while λ * 2 corresponds to the lowest energy of a photon that can ionize neutral MSP (i.e. the work function). We follow the argumentation of Rapp et al. (2010) that λ * 1 = 2.2 eV ( ∼ = 560 nm) and λ * 2 = 5.5 eV ( ∼ = 225 nm). However, we want to indicate that these values are not very well known and are subject to major uncertainties. The solar irradiance is taken from the SIC model, which derives height resolved spectra. The cross section for photodetachment/photoemission is then given by the following equation using Mie theory:
The photo emission/detachment cross section is a function of MSP composition. This composition dependence is described by Q abs . Q abs is the absorption efficiency in the Mie scattering theory and a function of the complex refractive index m = n − i · k, where n is the refractive index and k is the absorption coefficient. To the authors' knowledge, n-k data in the range from 100 to 600 nm exists only for hematite (Fe 2 O 3 ) as a reasonable MSP material (Triaud, 2013) . Since MSP particles have sizes much smaller than 100 nm, the Mie calculation can be approximated in the Rayleigh regime as follows (Eidhammer and Havnes, 2001 ):
where X = 2π r p /λ denotes the Mie parameter from the Mie theory. In Eq. (6) the quantity Y is the photoemission yield, which we have derived using the Fowler-Nordheim law (Fowler and Nordheim, 1928; Schmidt-Ott et al., 1980) .
Here φ 1/2 is the corresponding electron affinity/workfunction (photodetachment or photoionization) and C is a material constant which we set in our calculation to 0.01 (Schmidt-Ott et al., 1980) . In our ionospheric model we use the altitude-dependent MSP size distribution from Megner et al. (2006) (see Fig. 5 ). Therefore all the described MSP reaction rate coefficients are derived size and height dependent. By doing so we can make statements on the influence of MSP on the charge balance in altitude range between 60 and 100 km. Due to the atmospheric circulation MSP are transported from the summer mesosphere to the winter stratosphere (Megner et al., 2008) . As stated above, this study is considering September conditions motivated by the availability of MSP data. As it turns out, this time of the year is least sensitive to circulation effects such that the one-dimensional model results of Megner et al. (2006) distributions from Megner et al. (2008) to account for the meridional transport of MSP in the atmosphere. This will be done in future investigations.
The following rate equations for all six modelled constituents describe the reaction kinetics as treated in the model. The model itself solves these rate equations time dependently to reach a steady state by using the mathematical methods which are also used in the SIC model. The ion and electron densities in Fig. 3 and the neutral MSP densities for each size bin are used as initial values for the ionospheric model. The quantities in brackets denote the concentrations of the abovementioned six model constituents. In the next section we present MSP model results for nighttime conditions in which the described in situ measurements have been made. Additionally, for the later analysis of the model results we compare the reaction rates corresponding to the production and loss processes of the rate Eqs. (9)-(14) by using this nomenclature.
Nighttime results
In Sect. 2 we argued for an influence of MSP on the charge balance in the altitude region between 80 and 95 km based on the evidence from rocket-borne measurements. As a next step, these arguments will be tested with the simple ionospheric model including the MSP described above.
The geophysical conditions we have modelled here are for the 8 September at Andøya (69 • N, 16 • E), which is identical to the ECOMA-01 flight ). As mentioned above, this date allows us to analyze day and night conditions, while we concentrate on the nighttime results in this study. Eqs. (9)- (14) are solved time dependently with the initial conditions as shown in Figs. 4 and 5. Figure 6 shows altitude profiles for all considered species. In the altitude region between 80 and 95 km negatively charged MSP take over the role of electrons and balance the positive charge of the positive ions to achieve quasineutrality. This means that we can confirm the suggestion from rocket-borne observations that MSP have a significant influence on the charge balance in that height region. In addition, parallel to the negative MSP, there are also positive MSP at all modeled altitudes, but the concentration of the latter is much smaller down to 75 km. Below that height negative and positive MSP surprisingly have the same densities. To interpret the results in Fig. 6 , we show in Fig. 7 the MSP-related reaction terms as described in the rate Eqs. (12)- (14). From Fig. 7 , it is obvious that the neutral MSP capture rate of electrons is very important above 80 km, i.e. electrons attach very rapidly to the neutral MSP. This process is balanced by positive-ion capture through negative MSP, i.e. the recombination rate of negative MSP with positive ions is equally fast. This happens despite the fact that the reaction rate coefficients of ions captured by MSP are much smaller compared to electron-capturing coefficients. This contradiction can be explained by the very high concentrations of negative MSP and positive ions as shown in Fig. 6 . Due to the fact that there is no additional electron production process in the MSP height, there is hardly any importance of electrons for the conservation of the charge balance here.
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Our model results also reveal that positively charged MSP can exist during the nighttime due to ion-capturing processes. Above 80 km the capture process of positive ions by neutral MSP is in balance with the capture of electrons by positively charged MSP. That leads to the substantial decrease of number densities of positively charged MSP in this altitude region (see Fig. 6 ) with peak number densities of 10 8 m −3 at ∼80 km. The photo reaction rates k P 12 [P n ] and k P 13 [P ] are not zero due to Ly-α from the geocorona, but compared to the capture rates they do not play a significant role.
Below 80 km the capture of negative ions by neutral and positively charged smoke is also possible. Between 75 and 80 km all capture processes of MSP lie within the same order of magnitude. Below 75 km the capture of electrons becomes insignificant and all rates for the capture of ions converge. This is the reason why the densities of negative and positive MSP are similar there, namely, that the equal densities of positive and negative ions and their similar mean ion masses in this region lead to similar capture rates by MSP (see Fig. 4 and Eqs. 2 and 4).
Comparison with experiments
In this section we compare our modelled MSP densities with the Faraday cup measurements on rockets. A direct comparison is not reasonable, since in situ measurements with Faraday cups tend to give a biased representation of the MSP density abundant in the atmosphere. During rocket flights the ensemble of MSP that can enter a Faraday cup is different from the real MSP ensemble. Aerodynamical effects filter the MSP that can reach the Faraday cup's electrode and create a current at the electrometer. The shock front which evolves around the payload prevents small particles from entering the detector (e.g. Horanyi et al., 1999; Rapp et al., 2005) . Hedin et al. (2007) have derived from Direct Simulation Monte Carlo calculations around the rocket payload a distinct MSP radius that can reach a Faraday cup electrode for different altitudes. It has to be noted, that this filter curve depends on the altitude-dependent rocket speed and the geometry of the particular detector. This method has been used also by Strelnikova et al. (2009) to compare with the Faraday cup measurements for the ECOMA-1 flight. This particular filter curve is shown in Fig. 8 (left panel) and is used in this study. Therefore we can only compare our analysis with the ECOMA-1 data and to a certain extent with the other ECOMA flights, but not with different experimental setups. Note however, that the MASS experiment is designed to avoid aerodynamical filtering which can be seen in Fig. 1  (green line) , i.e. the measured MSP density does not have a sharp edge below ∼78 km and can be compared to the unfiltered modeled data.
This filter function has been applied to the MSP densities derived by our model. By doing so we can achieve results that are comparable to measured MSP charge number densities. These filtered MSP densities are shown in Fig. 8 (right panel) together with the Faraday cup data from the ECOMA-1 flight. Please note that neutral MSP cannot be measured by a Faraday cup, we only show filtered neutral MSP densities for comparison.
It is obvious that the density peak lies in the altitude region 80-95 km where Faraday cups also measure peak densities. While the unfiltered model data shows a clear excess of the neutral MSP particles compared to the charged fraction, the filtered data show similar number densities of negatively charged MSP and neutral MSP. This can be explained by the fact that the smaller MSP, which are aerodynamically prevented from entering the Faraday cup detector, are unlikely to be charged. Above 90 km the filtered negative MSP even outnumber the neutral MSP. That can be explained by the fact that a larger fraction of MSP with sizes above 1 nm are charged negatively rather than being neutral.
Below 78 km the filtered negative and positive MSP densities are equal. This may contribute to the frequent observations of a very sharp lower boundary of charged MSP layers as seen in Fig. 1 , since Faraday cups measure integrally negative and positive MSP density which cancels out on the electrode. However, the main effect here is the steep increase of detectable MSP sizes as seen in Fig. 8 .
By directly comparing the ECOMA-1 data with our filtered MSP density we find a good agreement in all altitudes. The measured profile fits moderately to the filtered modelled data; even the peaks of the modeled and measured maximal negative MSP density match at 87 km, although the model overestimates the negative MSP density when comparing it to the measured density at the peak altitude. In the altitudes above and below 87 km, the model seems to overestimate the measured number density of negatively charged smoke. However, in general it can be said that there is a reasonable qualitative agreement between the modeled negative MSP densities and the in situ observations, especially for the ECOMA experiments.
Analysis of dominant plasma reactions
Now we concentrate on the influence of MSP on the plasma densities. To investigate this point, we performed another model run with identical initial condition, except that the MSP density has been set to zero. The reaction scheme of the model run without MSP is reduced, i.e. reactions concerning MSP are excluded. The remaining reactions are characterized by k S 1 -k S 5 . The comparison between the model run with and without MSP directly visualizes the influence of MSP on the D-region plasma and is shown in Fig. 9 . The effect, suggested by Friedrich et al. (2012) , that MSP act as an effective electron sink between 80 and 95 km is clearly reproduced by this simple ionospheric model. In addition, there are also unexpected differences in the ion densities between the model run with and without MSP. In the same altitude region where a significant electron density loss is observed, the MSP model results show a reduction of the negative ion density and an enhancement in the positive ion density. Below 80 km the situation changes somewhat. Here we find a reduction of all three plasma constituents due to the presence of MSP. In the following, these changes in the charge balance (due to the presence of MSP) are further analyzed by considering the production and loss processes in the rate equations for each plasma constituent. The reaction rates for electrons are shown in Fig. 10 , for negative ions in Fig. 11 , and for positive ions in Fig. 12 . In all three figures we show the reaction rates of the model run with MSP (dashed lines) and without MSP (solid lines) together in one graph. Note that the reaction rates which represent the same processes in both model runs have the same color. Figure 10 shows the modeled reaction rates for electron production and loss. Without MSP the main production processes of electrons are electron-ion pair production and the electron detachment from negative ions. This is balanced by electron attachment to neutrals and electron-positive ion dissociative recombination above 80 km. Below 80 km, the production is completely balanced by electron attachment to neutrals. Certainly the electron-ion pair production rate k due to ionization, is independent of the presence of MSP.
As stated above the MSP photo reactions are not very effective during the nighttime and therefore only few electrons are produced by these processes. The reduced electron density due to the presence of MSP accounts for the reduced negative ion density at the same time. Because of that, attachment of electrons to neutrals is reduced and at the same time the detachment process from negative ions is reduced. Below 80 km MSP do not have a significant influence on the electron processes anymore. The dominant electron sink in the altitude above 80 km is the electron capture by neutral MSP (k C 6 [e − ][P ]), while the production of electrons is dominated by the ionization k S 1 . Without MSP presence, the dominant sinks and sources of electrons are the electron attachment to neutrals and the electron detachment from neutrals at altitudes below 80 km.
The situation for negative ions is different although their existence is certainly coupled to the ambient electrons (see Fig. 11 ). There is a lack of negative ions above 80 km due to the reduced electron attachment. The density of negative ions is small compared to all other model components in that altitude region. Below 80 km the importance of negative ions grows and the presence of MSP leads to a decrease in negative ions there. While the production of negative ions are similar for both modeled cases, the loss processes are different. The capture of negative ions by MSP is more important than ion-ion recombination in that altitude region. The dominant sinks for negative ions are their capture by neutral and positively charged MSP (k C 10
. In the case of MSP absence, ion-ion recombination dominates the reduction of negative ions.
In the end we discuss the influence of MSP on the positive ion density (see Fig. 12 ). The considerable increase of the positive ion density in the presence of MSP is an effect that has not been explicitly discussed for a MSP environment before. We note that ion enhancements have been discussed in Rapp and Lübken (2001) who, however, focussed on ice particle charging effects in the polar summer mesosphere. The model runs with and without MSP presence are easier to compare for the positive ion densities, since their production is given by the ionization rate k S 1 , which is not affected by MSP. Therefore we may concentrate on the loss processes only. There are two reactions that are related to the positive ion loss for both model runs. These are the dissociative recombination with electrons, which is important above 80 km, and the ion-ion recombination, which is significant below 80 km. It is obvious that both recombination processes are severely attenuated due to the presence of MSP. But the difference to the electrons and negative ions is that this attenuation leads to an increase of positive ions above 80 km and a reduction below 80 km. The dissociative recombination with electrons is reduced due to the lack of electrons above 80 km, simultaneously the positive-ion capture of neutral MSP is important here. The reason for additional positive ions in the presence of MSP is the scavenging of electrons by MSP, which leads to the reduction of the dissociative recombination with electrons. This reduced recombination causes a gain of positive ions. Below 80 km we have the same situation as for the negative ions, i.e. additional loss processes due to positive-ion capture by MSP lead to a reduced density. In all, the dominant positive ion sinks are the positive-ion capture by positive MSP and neutral MSP (below 80 km only). Without the presence of MSP main sinks are the dissociative recombination with electrons (above 80 km) and the ion ion recombination (below 80 km).
Conclusions
We have investigated the influence of MSP on the charge balance in the D-region ionosphere. Both in situ measurements and a one-dimensional ionospheric model were used to show a clear impact of MSP on the ionospheric composition of the D-region. As a major conclusion we may state that MSP are active charge carriers and are in fact important players in the charge balance of the D-region ionosphere.
The rocket-borne in situ measurements of electron and positive ion density show a distinct difference from charge neutrality between 80 and 95 km. This difference can be explained by the ambient negatively charged MSP measured simultaneously with a Faraday cup. We addressed the influence of MSP on the D-region charge balance in a simplified ionospheric model with six components, i.e. electrons, positive and negative ions and neutral and charged MSP. Plasma captured by MSP and photo reaction of MSP have been included in the reaction scheme, together with the standard ionospheric processes, e.g. ion-ion recombination etc. The model results point in the same direction as the experimental findings, namely that MSP play an important role in the charge balance of the D-region by capturing electrons and ions. By applying a filter function, which simulates the aerodynamical filtering of particles by the shock front around the Faraday cup, to the modelled MSP densities, we get particle densities in good general agreement with the experimental data, especially given the many uncertainties involved in both experiment and modelling. The model shows that the capture of plasma constituents by MSP is a dominant process. The model study also revealed that 80 km is a crucial boundary for the different capture processes. The electrons are captured very effectively by neutral MSP only above 80 km, while negative ions are captured by positive MSP and neutral MSP below 80 km. The capture of positive ions by MSP is an important process in the complete altitude range between 60 and 100 km and accounts for a fraction of positively charged MSP.
The model study revealed an increase of positive ions above 80 km in the presence of MSP. This increase has also been discussed by Rapp and Lübken (2001) in an environment of ice particles. So far we have not yet considered which influence MSP have on the composition of positive and negative ions (if any). By implementing MSP into the full ion-chemistry of the SIC model, we plan to identify such conceivable effects on the composition. In addition, future studies will also focus on MSP effects on the charge balance during daytime conditions. This will require close collaboration with lab experiments due to large uncertainties inherent in MSP-material dependencies on corresponding photoelectrical properties.
